Clinical isolates of measles virus (MV
Measles is an acute contagious disease characterized by high fever and a typical rash. Despite the availability of effective live vaccines, ϳ30 million cases and approximately half a million deaths related to measles are reported each year worldwide (12) . Measles virus (MV), the causative agent of measles, belongs to the genus Morbillivirus in the family Paramyxoviridae and has a nonsegmented, negative-sense RNA genome of ϳ16,000 nucleotides. The genome is encapsidated by the nucleocapsid (N) protein and is associated with a viral RNAdependent RNA polymerase composed of two subunits, the phospho (P)-and large (L) proteins, forming a helical ribonucleoprotein complex (RNP). Each virion has glycoprotein spikes, the hemagglutinin (H) and fusion (F) proteins, on the envelope and attaches to cells via binding of the H protein to cellular receptors (12) . Signaling lymphocyte activation molecule (SLAM; also known as CD150) is a receptor for clinical isolates of MV, while vaccine strains of MV use the ubiquitously expressed CD46 as a receptor as well as SLAM (53, 59) . Binding of the H protein to a receptor triggers the process of fusion of the virus envelope with the plasma membrane, which is mediated by the F protein (57) . RNP is released into the cytoplasm and initiates the transcription of viral mRNAs. As newly synthesized viral proteins accumulate, the same RNP is used as a template for replication of the virus genome via synthesis of a positive-strand antigenome intermediate. MV then spreads in cell cultures or animal tissues in two ways, either via the production of progeny virus particles that undergo successive rounds of infection or by fusion of infected cells with neighboring uninfected cells (cell-cell fusion). The matrix (M) protein plays a crucial role in the assembly of progeny virus particles by interacting with the RNP (15) and the cytoplasmic tails of the H and F proteins (4, 5, 43) , whereas expression of the H and F proteins alone is sufficient to induce cell-cell fusion (57) .
MV strains isolated from B-lymphoid cell lines reproduce a clinical course of measles in experimentally infected monkeys (20, 21) . These virulent MV strains use SLAM but not CD46 as a cellular receptor (60) . Since SLAM is expressed only on cells of the immune system, virulent MV strains enter nonlymphoid cells inefficiently and fail to cause cell-cell fusion in them. Accordingly, virulent MV strains hardly replicate in nonlymphoid cells. In contrast, vaccine strains of MV, obtained by numerous rounds of passage of the original isolate in various cultured cells, grow efficiently in nonlymphoid cells, as H proteins of vaccine strains have the ability to bind the ubiquitously expressed CD46 (60) . The vaccine strains of MV are safe and very effective, but the molecular bases of their attenuation and efficacy are poorly understood.
In our previous study, recombinant chimeric MVs in which part of the genome of the virulent IC-B strain was replaced with the corresponding sequences from the Edmonston vaccine strain were generated (45) . The parental IC-B strain could not grow in Vero cells (CD46 ϩ SLAM Ϫ ) derived from monkey kidneys. Upon replacement of the M gene alone with that of the Edmonston strain, the recombinant virus replicated efficiently in Vero cells, although it still entered cells inefficiently (45) . The recombinant virus apparently infected Vero cells via a SLAM-and CD46-independent mechanism of entry (13) . P64S and E89K substitutions were shown to be responsible for the ability of the Edmonston M protein to enable the virus to grow efficiently in Vero cells at postentry steps (45) . Examination of published sequence data revealed that all MV vaccine strains have either or both of the P64S and E89K substitutions in their M proteins (32, 38, 39) (GenBank accession number EF033071).
In this study, we show that the M protein with the P64S and E89K substitutions (hereafter called the M-P64S/E89K protein) largely colocalizes with the H protein in cells in the absence of other viral components, unlike the wild-type (wt) M protein (hereafter called the M-wt protein). Furthermore, the M-P64S/E89K protein enhances the assembly and release of infectious virus particles, contributing to efficient growth in SLAM Ϫ nonlymphoid cells. However, these substitutions are not necessarily advantageous for MV growth, as they strongly inhibit SLAM-mediated cell-cell fusion and thereby retard virus growth in SLAM ϩ lymphoid cells. Thus, these substitutions may partly account for the attenuation of MV vaccine strains. Defects in virus growth and cell-cell fusion in SLAM ϩ cells caused by the P64S and E89K substitutions in the M protein can be relieved by truncating the cytoplasmic tail of the H protein, even though the virus loses the ability to replicate in Vero cells. Our data suggest that MV can optimize the mode of virus spread (cell-cell fusion or infectious particle production) by acquiring these substitutions in the M protein, thereby modulating its interaction with the cytoplasmic tail of the H protein.
MATERIALS AND METHODS

Cells and viruses.
Vero cells constitutively expressing human SLAM (Vero/ hSLAM) (31) were maintained in Dulbecco's modified Eagle's medium (DMEM; ICN Biomedicals, Aurora, OH) supplemented with 7.5% fetal bovine serum (FBS) and 500 g/ml Geneticin (G418; Nacalai Tesque, Tokyo, Japan). CHO cells constitutively expressing human SLAM (CHO/hSLAM) (53) were maintained in RPMI medium (ICN Biomedicals) supplemented with 7.5% FBS and 500 g/ml G418. B95a (20) and CHO cells were maintained in RPMI medium supplemented with 7.5% FBS. Vero and HeLa cells were maintained in DMEM supplemented with 7.5% FBS. Recombinant MVs were generated from cDNAs by using CHO/hSLAM cells and a vaccinia virus expressing T7 RNA polymerase (vTF7-3; a gift from B. Moss) (10) or LO-T7-1 (19, 61) (a gift from M. Kohara), as reported previously (27, 47) . The generated MVs were propagated in B95a cells, and virus stocks after two or three passages in B95a cells were used in further experiments.
Plasmid construction. All full-length genome plasmids were derived from the p(ϩ)MV323 plasmid, which encodes the antigenomic full-length cDNA of the wt IC-B strain of MV (49) . The p(ϩ)MV323-EGFP plasmid, which has an additional transcriptional unit encoding enhanced green fluorescent protein (EGFP), was reported previously (13) . The plasmids p(ϩ)MV323-EGFP-M/P64S/E89K and -M/P64S/E89K/A209T were reported previously (45) . Plasmids p(ϩ)MV323-EGFP-H⌬20 and p(ϩ)MV323-EGFP-H⌬20-M/P64S/E89K were constructed as follows. PCR was performed using p(ϩ)MV323-EGFP as the template and a specific primer pair (5Ј-TCTTAATTAAAACTTAGGGTGCAAGATCATCCA CAATGAGGATAGTTATTAACAGAGAA-3Ј and 5Ј-ACACTAGTGGGTAT GCCTGATGTCTGGGTGACATCATGTGATCGGTTCACTGGCAGCCCT ATCTGCGATTGGTTCCATC-3Ј). The generated DNA fragment was digested with PacI and SpeI, and the released fragment was used to replace the PacI-SpeI fragment (nucleotide positions 7,238 to 9,175) of the p(ϩ)MV323-EGFP or p(ϩ)MV-EGFP-M/P64S/E89K plasmid (nucleotide position numbers are shown in accordance with the sequence of the IC-B strain genome [50] ). Plasmids p(ϩ)MV323-EGFP-F⌬30 and p(ϩ)MV323-EGFP-F⌬30-M/P64S/E89K were constructed by introducing three tandem stop codons into the p(ϩ)MV323-EGFP and p(ϩ)MV-EGFP-M/P64S/E89K plasmids, respectively, by site-directed mutagenesis using a complementary primer pair (5Ј-GCAGGGGGCGC TAGTAGTAAAAGGGAGAA-3Ј and 5Ј-TTCTCCCTTTTACTACTAGCGC CCCCTGC-3Ј). The coding regions for the wt and mutated M, H⌬20, and F⌬30 proteins were cloned into the eukaryotic expression plasmid pCA7 (48), a derivative of pCAGGS (29) . The pCA7-ICH and pCA7-ICF plasmids, encoding the wt H and F proteins, respectively, were reported previously (44) .
Syncytium formation assay by phase-contrast microscopy. B95a cells cultured in six-well culture plates were infected with vTF7-3 at a multiplicity of infection (MOI) of 0.5, incubated for 1 h at 37°C, and then cotransfected with pCA7-ICH (1 g) and pCA7-ICF (1 g) together with either empty pCA7 vector or that encoding the M-wt or M-P64S/E89K protein (pCA7-ICM and pCA7-MP64S/ E89K, respectively), using the cationic lipid transfection reagent Lipofectamine 2000 (Invitrogen Life Technologies, Carlsbad, CA) according to the manufacturer's instructions. The cells were infected with vTF7-3 to enhance expression from the plasmids containing the T7 promoter. At 24 h posttransfection, the transfected cells were observed under a phase-contrast imaging microscope.
Quantitative fusion assay. A quantitative fusion assay was performed using a method described previously (30, 44) , with minor modifications. Briefly, monolayers of Vero cells (effector cells) in 24-well cluster plates were infected with MVA-T7 (58) (a gift from B. Moss) at an MOI of 0.5, incubated for 1 h at 37°C, and then transfected with 0.2 g each of an H protein-encoding plasmid (pCA7-ICH or pCA7-ICH⌬20), an F protein-encoding plasmid (pCA7-ICF or pCA7-ICF⌬30), and an M protein-encoding plasmid (pCA7-ICM or pCA7 encoding each mutated M protein) per well, using the Lipofectamine 2000 reagent (Invitrogen). Monolayers of B95a cells (target cells) in 24-well cluster plates were transfected with 0.5 g of pG1NT7␤gal (30) (a gift from E. A. Berger), a plasmid containing the lacZ gene under the control of the T7 promoter. Twelve hours after transfection, target cells were harvested, resuspended in RPMI medium with 7.5% FBS, and transferred onto the monolayers of effector cells. After 7 h of incubation, ␤-galactosidase activity in cells was analyzed by a ␤-galactosidase reporter gene assay, using a chemiluminescence kit (Roche Diagnostics, Indianapolis, IN) according to the manufacturer's instructions. Chemiluminescence was measured using a Mithras LB940 plate reader (Berthold Technologies, Pforzheim, Germany).
Virus titration. Monolayers of Vero/hSLAM cells in 24-well cluster plates were infected with 50 l of serially diluted virus samples and incubated for 1 h at 37°C. After 1 h of incubation, 150 l of DMEM supplemented with 7.5% FBS and 100 g/ml of a fusion block peptide (Z-D-Phe-Phe-Gly; Peptide Institute Inc., Osaka, Japan) (37) was added to each well to block the second round of infection by progeny viruses. At 36 h postinfection (p.i.), the number of EGFPexpressing cells was counted under a fluorescence microscope. The number was expressed in cell infectious units (CIU). CIU are essentially comparable to PFU (48) .
Surface biotinylation, immunoprecipitation, and Western blot analysis. At 48 h p.i., infected B95a cells were washed three times with cold phosphatebuffered saline (PBS) containing 0.1 mM CaCl 2 and 1 mM MgCl 2 and incubated twice for 30 min each at 4°C with 2 mg of sulfo-N-hydroxysuccinimidobiotin (Funakoshi, Tokyo, Japan) per ml. After that, the cells were washed once with cold PBS containing 0.1 M glycine and three times with cold PBS. Cells were lysed in 0.5 ml of radioimmunoprecipitation assay (RIPA) buffer (0.15 mM NaCl, 0.05 mM Tris-HCl, pH 7.2, 1% Triton X-100, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS] ) and then centrifuged for 40 min at 15,000 rpm. For immunoprecipitation, an MV H protein-specific monoclonal antibody (MAb) (E396; a gift from T. A. Sato) or an MV F protein-specific MAb (E12; a gift from T. A. Sato) was added to samples and incubated for 16 h at 4°C. Immune complexes were precipitated by incubation with protein A and G Sepharose (1:1 mixture) (Amersham Biosciences, Piscataway, NJ) for 30 min at 4°C. Sepharose beads were washed three times with 1ϫ RIPA buffer plus 0.3 M NaCl, once with 1ϫ RIPA buffer plus 0.15 M NaCl, and once with SDS wash II buffer (150 mM NaCl, 50 mM Tris, pH 7.4, 2.5 mM EDTA) (33) . Samples were resuspended in SDS loading buffer (50 mM Tris, pH 6.8, 100 mM dithiothreitol, 2% SDS, 0.1% bromophenol blue, 10% glycerol) and boiled for 5 min, and polypeptides were fractionated by SDS-polyacrylamide gel electrophoresis on a 10% polyacrylamide gel. Polypeptides were then blotted onto a polyvinylidene difluoride membrane (Hybond-P; Amersham Biosciences), using the semidry blot technique. Biotinylated H and F proteins were detected by incubation with horseradish peroxidase-conjugated streptavidin (Zymed Laboratories, San Francisco, CA). Total H and F proteins were detected using rabbit sera against the H protein (a gift from T. Kohama) and the F protein (5) (a gift from R. Cattaneo), with horseradish peroxidase-conjugated anti-rabbit immunoglobulin G (Amersham Biosciences) as the secondary antibody. The membranes were treated with ECL Plus reagent (Amersham Biosciences), and chemiluminescence signals on the membranes were detected and visualized using a VersaDoc 3000 imager (Bio-Rad, Hercules, CA).
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Assay for synthesis of viral mRNAs, genomes, and proteins and for production of infectious particles. Monolayers of Vero/hSLAM cells in six-well cluster plates were infected with recombinant MVs at an MOI of 1.0 per cell and then incubated for 3 h at 37°C. After 3 h of incubation, the cells were washed with PBS and incubated in 1 ml of DMEM containing 7.5% FBS and 10 g of an anti-human SLAM MAb (IPO-3; Kamiya Biomedical, Seattle, WA) that blocks the second round of infection and cell-to-cell fusion. At 48 h p.i., levels of viral RNAs and proteins, as well as production of infectious particles, were analyzed. Viral mRNAs and genomes were quantified by reverse transcription-quantitative RCR (RT-QPCR), as reported previously (28, 48) . Viral proteins (N, P, V, M, and H) were detected by immunoblotting and quantified using a VersaDoc 3000 imager (Bio-Rad), as reported previously (28, 48) . Cell-free virus was obtained from the culture supernatants, and cell-associated virus was recovered from infected cells by sonication. The CIU was determined on Vero/hSLAM cells.
Immunofluorescence staining. HeLa cells were seeded on coverslips in six-well plates and transfected with pCA7 plasmids encoding the wt and mutated H, F, and M proteins, using the Lipofectamine 2000 reagent (Invitrogen). At 48 h posttransfection, cells were fixed and permeabilized with PBS containing 2.5% formaldehyde and 0.5% Triton X-100. Fixed cells were washed with PBS and incubated with a primary MAb against the H (E396), F (E12), or M (E388; a gift from T. A. Sato) protein and with a rabbit antiserum raised against the H or M protein (a gift from T. Kohama) for 1 h at 37°C, followed by incubation with Alexa Fluor 488-conjugated and Alexa Fluor 594-conjugated secondary antibodies (Molecular Probes, Eugene, OR) for 1 h at 37°C. The cells were observed using a confocal microscope (Radiance 2100; Bio-Rad).
RESULTS
P64S and E89K substitutions in the M protein enhance the assembly and release of infectious particles. Our previous study indicated that P64S and E89K substitutions in the M protein conferred on the virulent IC-B strain of MV the ability to replicate efficiently in Vero cells, although the mutant virus still entered cells inefficiently, like the parental virus (45) . To understand the mechanism by which the M-P64S/E89K protein promotes MV growth in Vero cells at postentry steps, the replication abilities of the IC323-EGFP virus with the M-wt protein (hereafter called the wt virus) and that with the M-P64S/E89K protein (hereafter called the P64S/E89K virus) were analyzed. IC323-EGFP is a recombinant MV based on the IC-B strain with an additional expression unit for EGFP (13) .
Since both the wt and P64S/E89K viruses entered Vero cells inefficiently, it was difficult to perform single-step growth analysis of these viruses in Vero cells. Therefore, Vero/hSLAM cells, which allow efficient virus entry, were used for the analysis. To block the second round of infection, anti-human SLAM MAb (IPO-3) was added to the culture medium at 3 h p.i. At 48 h p.i., infectious titers in culture medium (cell-free) and cells (cell-associated) were analyzed. Cell-free and cellassociated titers of P64S/E89K virus were ϳ200 and ϳ30 times higher, respectively, than those of wt virus (Fig. 1A) . Cell-free and cell-associated virus titers of the P64S/E89K virus in Vero cells at 48 h p.i. were ϳ10 2 and ϳ10 3 CIU/ml, respectively, whereas those of wt virus were negligible. Immunoblot analysis and RT-QPCR showed that the amounts of viral proteins and RNAs synthesized in Vero/hSLAM cells infected with these two viruses were comparable at 48 h p.i. (Fig. 1B and C) . Thus, the results indicate that the P64S and E89K substitutions in the M protein promote the assembly and release of MV particles in Vero/hSLAM cells (and presumably also in Vero cells).
The M-P64S/E89K protein inhibits SLAM-dependent cellcell fusion. It was notable that the P64S/E89K virus hardly produced syncytia in SLAM ϩ B95a cells, unlike the wt virus ( Fig. 2A) . To better understand the mechanism by which the replacement of the M-wt protein with the M-P64S/E89K protein affected the ability of the wt virus to induce cell-cell fusion, the H and F proteins were expressed on B95a cells, using expression plasmids, together with the M-wt or M-P64S/E89K protein. Expression of the H and F proteins alone produced large syncytia in B95a cells (Fig. 2B, HϩF) , and coexpression of the M-wt protein enhanced syncytium formation (Fig. 2B , HϩFϩM-wt). In contrast, when the M-P64S/E89K protein was coexpressed, syncytium formation was greatly restricted (Fig.  2B , HϩFϩM-P64S/E89K). In all cases, the anti-SLAM MAb IPO-3 completely blocked syncytium formation (data not shown). Thus, whereas the MV-wt protein promoted SLAMdependent cell-cell fusion induced by the H and F proteins, the M-P64S/E89K protein inhibited this process.
In the above experiment, the M-P64S/E89K protein may have inhibited syncytium formation by reducing expression of the H and/or F protein on the cell surface. To examine this possibility, the amounts of H and F proteins in B95a cells infected with the wt or P64S/E89K virus were analyzed. The amounts of biotinylated H and F proteins expressed on the cell surface, as well as the total amounts of H and F proteins, were comparable in cells infected with either virus (Fig. 2C) . Flow cytometry analysis also confirmed that the cell surface expres- proteins, the distributions of these viral proteins in cells were analyzed by confocal microscopy. When expressed alone, the F and H proteins localized in the perinuclear region of the cells, presumably the Golgi apparatus, as well as at the cell surface, showing a punctate staining pattern (data not shown). The M protein (either the M-wt or M-P64S/E89K protein) was distributed both in the nucleus and in the cytoplasm, but it was predominantly found in the nucleus (Fig. 3A and E) . When coexpressed with the F protein, the M-wt protein partly colocalized with it, showing a punctate staining pattern (data not shown). In contrast, the M-wt protein did not colocalize with the H protein (Fig. 3B) . Coexpression of the M-wt, H, and F proteins did not show an apparent redistribution of these viral proteins, and the M-wt protein still hardly colocalized with the H protein (Fig. 3C) . Coexpression of the N protein with the M-wt, H, and F proteins did not alter the distributions of the latter proteins (data not shown). However, when coexpressed with the H, F, N, and P proteins, the M-wt protein redistributed and strongly colocalized not only with the F protein but also with the H protein (Fig. 3D) . These results suggest that the P protein of MV plays an important role in virus assembly. Schmitt et al. (42) showed with parainfluenza virus 5 that expression of N, M, and either glycoprotein (F or hemagglutinin-neuraminidase [HN] ) is required for efficient virus assembly and budding. Coronel et al. (7) reported that nucleocapsid incorporation into human parainfluenza virus 1 is regulated by a specific interaction between the N and M proteins. Since the P protein of MV has the ability to retain the N protein in the cytoplasm (16) , it may thereby indirectly promote the coalescence of the M-wt, H, and N proteins.
In contrast, when the H, F, and M-P64S/E89K proteins were expressed together, they mostly colocalized in brightly stained filamentous structures, even in the absence of the N and P proteins (Fig. 3G) . The z plane reconstruction showed that the filamentous structures were formed at the cell surface (Fig.  3G ). They formed efficiently even when only the H protein was coexpressed with the M-P64S/E89K protein (Fig. 3F) . Coexpression of the M-P64S/E89K and F proteins in the absence of the H protein also resulted in the formation of filamentous structures, albeit to a much lesser extent (data not shown). The filamentous structures became much less evident when the N and P proteins were coexpressed (Fig. 3H) . Since electron microscopy analyses showed that virions of the P64S/E89K virus were pleomorphic (but typically were spherical particles) and indistinguishable in morphology from the wt virus particles (data not shown), the presence of the N and P proteins may have allowed the P64S/E89K virus to form spherical, but not filamentous, particles.
An H protein with a truncated cytoplasmic tail no longer colocalizes with the M-P64S/E89K protein. We speculated that the interaction between the M-P64S/E89K protein and the cytoplasmic tail of the H protein may have enhanced virus assembly and inhibited cell-cell fusion. Moll et al. (25) showed that when the cytoplasmic tails of the H and F proteins of the MV Edmonston strain were truncated by 20 and 30 amino acids, respectively, the proteins were expressed normally on the cell surface but lost the ability to interact with the M protein. To confirm the importance of the interaction between the M and H proteins in our findings, expression plasmids were generated that encoded the H and F proteins of the IC-B They were also cotransfected with the M-wt or M-P64S/E89K protein expression plasmid together with the H and F protein expression plasmids (HϩFϩM-wt and HϩFϩM-P64S/E89K, respectively). At 24 h posttransfection, the cells were observed under a phase-contrast microscope. Magnification, ϫ100. (C) Expression levels of glycoproteins of wt and P64S/E89K viruses. B95a cells were infected with the wt or P64S/E89K virus. At 48 h p.i., the cells were incubated with biotin and then lysed. The H and F proteins were immunoprecipitated with H and F protein-specific MAbs, subjected to SDS-polyacrylamide gel electrophoresis, and blotted onto polyvinylidene difluoride membranes. One membrane was incubated with streptavidin-conjugated peroxidase to detect biotinylated H and F proteins (surface). Another membrane was incubated with rabbit antisera raised against the H and F proteins and peroxidase-conjugated anti-rabbit immunoglobulins to detect the total amounts of H and F proteins. (25) . When the H⌬20 and F⌬30 proteins were coexpressed with the M-P64S/E89K protein, they were distributed differently from the H-wt and F-wt proteins. The H⌬20 protein neither colocalized with the M-P64S/E89K protein nor formed filamentous structures (Fig.  4A to C) . Since no antibody reacting with the ectodomain of the F protein was available, the F⌬30 protein could not be detected in indirect immunofluorescence assays. Cell surface expression of the F⌬30 protein was confirmed by a functional cell-cell fusion assay (Fig. 5) . Coexpression of F⌬30 with the M-P64S/E89K and H-wt proteins did not affect the colocalization of those two proteins or the formation of filamentous structures (Fig. 4D to F) . These data indicate that the cytoplasmic tail of the H protein of the IC-B strain plays a crucial role in the interaction with the M-P64S/E89K protein as well as in the formation of filamentous structures. Effects of deletion of the cytoplasmic tails of the H and F proteins on cell-cell fusion. The M-P64S/E89K protein inhibited cell-cell fusion mediated by the H and F proteins, whereas the M-wt protein enhanced this process (Fig. 2) . The levels of cell-cell fusion were quantified using a previously described method (44) and are shown in Fig. 5A . The cell-cell fusion activities of the H-wt and F-wt proteins in the absence of M protein were set to 100%. Coexpression of the M-wt protein with the H-wt and F-wt proteins increased the activity to ϳ150%. In contrast, coexpression of the M-P64S/E89K protein with the H-wt and F-wt proteins inhibited cell-cell fusion completely, and no activity was detected. These quantified values were consistent with the levels of syncytium formation analyzed by microscopy (Fig. 2B) .
Using this quantitative fusion assay, the effects of truncations of the cytoplasmic tails of the H and F proteins on cell-cell fusion were examined (Fig. 5A ). In the absence of the M protein, truncation of the cytoplasmic tail of the F protein increased cell-cell fusion to ϳ160% [H-wt, F⌬30, M(Ϫ)], indicating that the cytoplasmic tail of the F protein has an inhibitory role in cell-cell fusion, as reported previously (5) . The additional expression of the M-wt protein enhanced this fusion even more (H-wt, F⌬30, M-wt), whereas expression of the M-P64S/E89K protein inhibited fusion (H-wt, F⌬30, M-P64S/ E89K). Truncation of the cytoplasmic tail of the H protein also increased cell-cell fusion, to ϳ192%, in the absence of the M protein [H⌬20, F-wt, M(Ϫ)]. However, in contrast to the data for the truncated F protein, neither the M-wt nor the M-P64S/ E89K protein modulated the cell-cell fusion activity mediated by the H⌬20 and F-wt proteins. The cell-cell fusion activities in cells expressing H⌬20 and F⌬30 proteins were similar to those in cells expressing H⌬20 and F-wt proteins, regardless of the To analyze the effects of truncations of the cytoplasmic tails of the H and F proteins on cell-cell fusion in the context of virus infection, wt and P64S/E89K viruses expressing either the H⌬20 or F⌬30 protein were generated. All viruses were successfully recovered. The wt viruses expressing the H⌬20 or F⌬30 protein produced large syncytia in B95a cells, similar to wt virus (Fig. 5B, top panel) . Although the P64S/E89K virus failed to produce syncytia in B95a cells, the P64S/E89K virus expressing the H⌬20 protein produced syncytia that were as large as those produced by the wt virus (Fig. 5B, bottom  panel) . The P64S/E89K virus expressing the F⌬30 protein also produced syncytia, although they were much smaller than those produced by the wt virus. These data indicate that in the context of virus infection, the M-P64S/E89K protein also inhibits syncytium formation by interacting with the cytoplasmic tail of the H protein.
Roles of the cytoplasmic tails of the H and F proteins in virus growth. The growth of wt and P64S/E89K viruses expressing a truncated envelope protein (H⌬20 or F⌬30) was examined. Either truncation attenuated the growth of wt virus in B95a cells (Fig. 6A) . Truncation of the cytoplasmic tail of the H protein (H⌬20) severely retarded viral growth, but the effect of truncation of the cytoplasmic tail of the F protein (F⌬30) was smaller (Fig. 6A) . Since the H⌬20 and F⌬30 proteins exhibited no defect in cell-cell fusion but, rather, showed increased fusion activity in B95a cells (Fig. 5A) , the growth attenuation of wt virus expressing the H⌬20 or F⌬30 protein in B95a cells was likely to have been caused by a defect in virus assembly. The cytoplasmic tail of the H protein is likely to be more important than that of the F protein in MV assembly. In contrast, truncation of the cytoplasmic tail of either the H or F protein enhanced MV growth in B95a cells when the recombinant virus also expressed the M-P64S/E89K protein (Fig.  6B) . As shown in Fig. 5B , the P64S/E89K virus hardly produced any syncytia in B95a cells, whereas the P64S/E89K virus expressing the H⌬20 or F⌬30 protein produced syncytia. These data suggest that the recovery of cell-cell fusion by truncations in the cytoplasmic tails of the glycoproteins worked advantageously for the P64S/E89K virus, allowing it to spread in B95a cells. Although the growth defect of the P64S/E89K virus in B95a cells was relieved by its possessing the H⌬20 or F⌬30 protein, this virus lost the ability to replicate well in Vero cells (Fig. 6C) . Taken together, these data indicate that interactions of the M protein with the cytoplasmic tails of the H and F proteins control virus assembly and cell-cell fusion, modulating MV growth in different cell types.
DISCUSSION
MV enters cells efficiently via SLAM and causes extensive syncytium formation as a result of SLAM-dependent membrane fusion between infected cells and neighboring cells. However, inefficient MV entry (but not cell-cell fusion) also occurs in the absence of SLAM (2, 13) . Its significance in MV pathogenicity is unclear, but this SLAM-independent entry is important for understanding the mechanisms by which vaccine and laboratory strains of MV adapt to grow in SLAM Ϫ cell types, as substitutions in the receptor-binding H protein are not necessarily required for their adaptation (22, 46, 50) . We recently showed that the M and L proteins of the Edmonston vaccine strain can confer on SLAM-using MV strains the ability to grow well in Vero cells (45) . Among those found in the M protein of the Edmonston strain, two substitutions (P64S and E89K) were identified that were responsible for the efficient growth in Vero cells (45) .
In this report, we focused on these P64S and E89K substitutions in the M protein. Indirect immunofluorescence and confocal microscopy revealed that in the absence of other viral components, the M-P64S/E89K protein mostly colocalized with the H protein, forming filamentous structures on the cell surface, whereas the M-wt and H proteins were hardly colocalized. In contrast, both M-wt and M-P64S/E89K proteins partly colocalized with the F protein. These data suggest that the M protein gained the ability to interact with the H protein via the P64S and E89K substitutions, whereas it intrinsically had the ability to interact with the F protein. The P64S and Many studies of paramyxoviruses (1, 5, 11, 25, 40, 41, 43, 55 ) and other negative-strand RNA viruses (41, 62) have reported interactions between the cytoplasmic tails of viral envelope proteins and matrix proteins (although they have not provided direct biochemical evidence of them by using coimmunoprecipitation). Thus, it is presumable that the M-P64S/E89K protein interacts with the cytoplasmic tail of the H protein. When most of the cytoplasmic tail of the H protein was deleted, the M-P64S/E89K protein hardly colocalized with the H protein and failed to form filamentous structures, implying that the M-P64S/E89K protein does indeed interact with the cytoplasmic tail of the H protein. Our attempt to show the direct interaction between M and H proteins by using coimmunoprecipitation was unsuccessful, as were other similar studies (1, 23) , suggesting that the interaction is very weak and/or indirect.
It is also suggested that the cytoplasmic tails of envelope proteins or their interactions with M proteins are important for the efficient assembly of paramyxoviruses (6, 8, 9, 40, 41, 51, 52, 55) , rhabdoviruses (41, 56) , orthomyxoviruses (18, 24, 41) , and retroviruses (17, 34) . Interestingly, using the Edmonston vaccine strain, Naim et al. showed that the MV M protein controls the sorting of the H and F proteins (26) . Therefore, the interaction of the M-P64S/E89K protein with the cytoplasmic tail of the H protein may promote the coalescence of MV proteins at the site of virus budding. Indeed, the P64S/E89K virus produced infectious particles much more efficiently than the wt virus did, although both viruses synthesized similar amounts of viral proteins. Efficient assembly of infectious particles likely contributes to better MV growth in Vero cells. Consistently, the ability of the P64S/E89K virus to grow well in Vero cells was cancelled when the H protein had a truncated cytoplasmic tail.
To have an M protein that efficiently promotes virus assembly seems to be advantageous for MV to grow in cultured cells as well as in vivo. If this is so, then why do clinical isolates of MV have an M protein that supports MV assembly inefficiently? A clue would be the effect on cell-cell fusion. Although the M-P64S/E89K protein was efficient at promoting virus assembly, it inhibited cell-cell fusion. Furthermore, the P64S/ E89K virus did not produce large syncytia and replicated less efficiently in B95a cells than the wt virus did. The inhibitory effect of the M-P64S/E89K protein on cell-cell fusion may also operate on virus-cell fusion. However, the P64S/E89K virus replicated well in Vero cells, in which multiple rounds of new infection are critical for efficient growth. These results may suggest a mechanistic difference between virus-cell and cellcell fusion processes, as suggested for other paramyxoviruses (14, 54) . Using Sendai virus, a member of the paramyxovirus family, Henis et al. (14) reported that the lateral mobility of both the F and receptor-binding HN proteins is essential for cell-cell fusion but much less important for virus-cell fusion.
Interestingly, Plemper et al. (35) suggested that the strength of the H and F protein interaction is an important modulator of MV-induced cell-cell fusion. Cathomen et al. (4, 5) reported that recombinant MVs that lacked the M protein or those that expressed H or F proteins with truncated cytoplasmic tails showed increases in cell-cell fusion activity. Thus, the inhibition of cell-cell fusion observed in our study may be caused by the capture of the cytoplasmic tail of the H protein by the M-P64S/E89K protein, which also interacts with the cytoplasmic tail of the F protein. Consistently, when the H protein had a truncated cytoplasmic tail, cell-cell fusion was no longer inhibited by the M-P64S/E89K protein. Furthermore, P64S/ E89K virus expressing an H protein with a truncated cytoplasmic tail grew more efficiently in B95a cells than did that expressing the intact H protein. In vivo, MV spreads mainly in the organs of the immune system containing SLAM ϩ cells (12) . Therefore, viruses with the P64S and E89K substitutions in the M protein, which are disadvantageous for MV to spread in SLAM ϩ cells, are likely to have been eliminated. MV vaccine strains are obtained by passaging SLAM-using MVs in a variety of cell types (38) . One strategy that viruses have taken to adapt to cultured cells is gaining the ability to use CD46 as an alternative receptor (59) . However, our studies have indicated that gaining the ability to use CD46 as an efficient receptor is not so easy, because multiple substitutions are usually required (44) . In addition, MV vaccine strains were passaged in chicken embryo fibroblasts and sheep kidney and dog kidney cells (38) , in which neither SLAM nor CD46 is expressed. Therefore, the original isolates would have had to spread many times in some way via SLAM-and CD46-independent mechanisms. Available sequence data indicate that all MV vaccine strains have both or either of the P64S and E89K substitutions (32, 38, 39) (GenBank accession number EF033071). We speculate that at least one of these substitutions is needed for MV to survive in unnatural host cells.
It should be noted that unlike the P64S/E89K virus, the Edmonston tag strain grows well in B95a cells, producing large syncytia, although it has both P64S and E89K substitutions. The Edmonston tag strain has two other substitutions in the M protein (R175G and A209T) in addition to the P64S and E89K substitutions (45) . We found that when the M protein had the R175G substitution, the inhibitory effect on cell-cell fusion due to the P64S and E89K substitutions was partially cancelled (data not shown). The Edmonston tag strain is a recombinant virus generated from cloned cDNAs, and MV strains used to construct the Edmonston tag cDNAs were passaged in CD46 ϩ cell lines (3, 36) . Furthermore, the H protein of the Edmonston tag strain can use CD46 efficiently as a receptor (44) . From the available sequence data and our biological data, we speculate that the Edmonston tag strain acquired the R175G substitution to restore cell-cell fusion activity when the virus became fully capable of using CD46 as a receptor.
In conclusion, we have demonstrated the roles of the P64S and E89K substitutions found in the M proteins of MV vaccine strains. They promote MV assembly and growth in SLAM Ϫ nonlymphoid cells, whereas their inhibitory effect on cell-cell fusion retards MV growth in SLAM ϩ lymphoid cells. These results have advanced our understanding of the molecular basis for MV adaptation to grow in unnatural host cells and have suggested novel mechanisms by which the interactions between viral matrix proteins and the cytoplasmic tails of envelope glycoproteins actively regulate virus assembly and cell-cell fusion to optimize the pathway of virus spread.
